. Translation activity assays for the associated ribosome complex. Related to The zoom-in image on the right shows a clear density of helix 44 of 30S subunit. Bridges B2a, B3, and B5 are visible in this reconstruction, indicating that these bridges have formed within 60 ms of the ribosome subunit association reaction. 
SUPPLEMENTAL TABLES
, with an incremental time Δt = 0.5 ms. We assumed an association rate constant k a of 13.9 µM -1 s -1 , based on previous light-scattering assays (Hennelly et al., 2005) , and a dissociation rate constant k d of 0.002 s -1 based on the estimation by Wishnia and coworkers (Wishnia et al., 1975) . In the sub-second time range, the dissociation of 70S ribosome is negligible in the kinetic simulation. The simulation starts (t = 0 s) when 1.2 µM 30S and 0.6 µM 50S (both final concentration after mixing) are mixed thoroughly. Ribosome subunit purification. Ribosome subunits of the tight-coupled 70S ribosomes were purified using sucrose density gradient as describe previously (Fei et al., 2010) . Specifically, tight-coupled 70S ribosome from E. coli strain MRE600 was isolated from the rest of the cell components at 7.5 mM Mg 2+ concentration, and then split to the subunits via dialysis against the buffer containing 1.0 mM Mg 2+ .
Buffers
Check for purity of ribosome subunits by negative staining EM. Samples of 30S and 50S subunits each was diluted to 1.2 µM using Tris-M10 buffer, and incubated at 37 ˚C for 15 min, then diluted to 30 nM using Tris-M10 buffer just before application to the EM grid. 5 µL of each specimen was applied on the EM grid for 30 sec, then wicked off by filter paper. 3 µL 2% uranium acetate was then applied to the EM grid for 30 sec, wicked off by filter paper. The staining process was repeated for three times total.
The resulting negative staining EM grids were stored at room temperature and examined on the F20 TEM.
Assay of peptide synthesis activity of the associated ribosomes using electrophoretic thin-layer chromatography (eTLC). The polypeptide synthesis assay was performed as previously described (Fei et al., 2010) , with minor alterations.
Specifically, to test the translation activity of the purified ribosome subunits, we used the µM Phe-tRNA Phe . The EF-G mix contained 1 mM GTP, 1.6 µM EF-G. Each peptide synthesis reaction was performed by mixing 2 µL initiation complex with 1.6 µL ternary complex mix, then with 0.4 µL EF-G mix (or buffer), and incubating at 37 ˚C for 2 min (unless otherwise indicated), then quenching with 0.5 mM KOH to 160 mM final concentration. The eTLC is performed as previously described (Fei et al., 2010; Youngman et al., 2004) . The reactants and products on the resulting eTLC were quantified using the phosphor imager. The peptide formation efficiency (E pep ) was calculated by using: The puromycin reaction was performed by mixing 2 µL initiation complex mix with 2 µL Pmn mix (or buffer, if indicated), and incubating at 37 ˚C for 1 min, then quenching with 1 M KOH to 330 mM final concentration. The eTLC was performed as previously described (Fei et al., 2010; Youngman et al., 2004 Purity and activity of ribosome subunits. We purified the ribosome subunits from E coli MRE600 strain using sucrose density gradient ultracentrifugation ( Figure   S1a -S1e). The first and second round of ultracentrifugation used a Tris-polymix buffer system containing 7.5 mM Mg 2+ to isolate tight-coupled 70S ribosomes. The third and fourth round of ultracentrifugation used a Tris-polymix buffer system containing 1 mM Mg 2+ to dissociate the tight-coupled 70S ribosomes into their component 30S and 50S
subunits. The ribosome profile of the fourth round of sucrose density gradients showed clear separation of the 30S and 50S subunits (Figure S1d-S1e). We also performed negative-staining EM on the purified subunits to further confirm their purity. The micrographs of the 30S and 50S subunit fractions showed particles exclusively in the elongated shape (characteristic for the 30S subunit) and in the crown view (characteristic for the 50S subunit), respectively (Figure S1f-S1G), confirming that the ribosomal subunits prepared for the time-resolved cryo-EM experiment are indeed pure.
We then tested the translation activity of associated 70S ribosomes formed from the purified ribosomal subunits using a peptide synthesis assay. The results showed that the associated 70S ribosomes are able to convert 81% of radioactively labeled f[ 35 S]MettRNA fMet into a tripeptide in the peptide synthesis reaction performed in the presence of elongation factor G (EF-G), compared to only 10% conversion in the absence of EF-G, thereby confirming the high functional activity of the associated 70S ribosomes ( Figure   S2a) . Moreover, we also demonstrated that mixing the subunits in the mixing-spraying device, followed by spraying the resulting 70S ribosomes, does not affect the translation activity of the associated 70S ribosomes, as it is comparable to the translation activity of ribosomes obtained by mixing the subunits outside the device by gently pipetting ( Figure   S2b ).
Breakdown of reaction time in time-resolved cryo-EM experiment.
(1) The reaction time has a finite distribution, which was estimated by fluid dynamic simulation.
For the chip having a mean reaction time of 38 ms (calculated by dividing the total volume of the reaction channel by the total flow rate), the most populated reaction time (Cyrklaff et al., 1990) . Therefore, the total mean reaction time is 107 ms + 2 ms + 35 ms + 0.1 ms ~ 144 ms for the 107 ms chip (i.e., approximately 140 ms), and 38 ms + 2 ms + 18 ms + 0.1 ms ~ 58 ms for the 38 ms chip (approximately 60 ms).
Preparation of control cryo-EM grids using the blotting method. In control experiments, we used the same batch of purified ribosome subunits as used in timeresolved cryo-EM experiment, and prepared cryo-EM specimens using the standard blotting method. The 30S and 50S subunits were mixed by gentle pipetting at the same concentration as the time-resolved experiment (1.2 µM 30S and 0.6 µM 50S), incubated at 37˚C for indicated time (15 min or 75 min), then diluted using HEPES-M12 buffer (or Tris-M10 buffer, if indicated) to about 30 nM 50S concentration within 5 min before preparing the cryo-EM specimens using Vitrobot Mark IV (FEI, Hillsboro, Oregon).
Automatic particle-picking. We kept 2,586 good micrographs for the time- respectively. We then pooled all the good micrographs from all four experiments together, and used an automatic particle-picking program Autopicker (Langlois et al., 2014) to select a total of 906,896 putative particles (i.e., 50S subunits, 70S ribosomes, ice blobs, and any other particles). 70S ribosome and 50S subunit are both selected by the program because they are similar in size and shape (as compared to the 30S subunit). Using the same parameters as the abovementioned pooled dataset, putative particles were also picked from 816 micrographs of the 60 ms dataset. Although some dimers of 50S:50S and trimers of 50S:30S:30S were observed on the micrographs (see Shaikh et al., 2014 (Shaikh et al., 2014 ), they were excluded from downstream processing through control of the selection window size in Autopicker (Langlois et al., 2014) .
Initial 3D classification by using RELION. In the first classification to ascertain that the time-resolved method can capture a pre-equilibrium state of the subunit association reaction, we pooled the 140 ms dataset with three control datasets (Ctrl 15 min, Ctrl 75 min, and Ctrl Tris 15 min), classified the dataset computationally using the program RELION (Scheres, 2012; Scheres, 2011) , and then traced back each particle to its original dataset. The purpose of pooling the datasets into a single dataset is to classify all the data using the same criterion, so that the proportions of subpopulations in the In the first classification of the combined dataset including 140 ms, 15 min, 75 min and Tris 15 min data, we used the RELION program in a stepwise hierarchical classification to discard bad particles identified by the automatic particle-picking program, to separate the 50S subunit from the 70S ribosome, and to sort out the various conformations of the 70S ribosome. The reference volume for the initial alignment of the total dataset of putative particles was chosen to be a 50S subunit density map (the cryo-EM map of empty 70S ribosome (Valle et al., 2003) with 30S subunit computationally removed), low-pass filtered to 60 Å. To speed up the classification, we used the particle data in twofold decimated form for classification, and used the data in un-decimated form only in the final steps of 3D reconstruction and refinement.
In step (1), the total dataset (906,896 particles) was separated into 12 classes using RELION 3D classification with a 7.5˚ angular sampling interval. The classification results were analyzed using a quantitative analysis method (Shen et al., 2014) , and the reconstructions from the different classes were examined by using UCSF Chimera (Pettersen et al., 2004) program. The classes resulting in bad reconstructions (i.e., particles fragmented or unrecognizable; 210,848 particles in total) were discarded. The classes yielding a reconstruction of either 70S ribosome or 50S were kept for step (2) of the classification. In step (2), the remaining particles (696,048 particles) were classified into 12 classes. Classes yielding reconstructions of 70S ribosomes (478,383 particles)
were separated from the classes yielding 50S subunits (217,665 particles). In step (3), the classes from the second step yielding 70S reconstructions (478,383 particles) were classified into 10 classes, and the classes resulting in bad reconstructions, likely due to remaining unrecognizable particles, were discarded, keeping 272,717 particles of 70S ribosomes. In step (4), the classes from step (2) yielding 50S reconstructions (217,665 particles) were classified into 8 classes, and the classes yielding reconstructions of 50S subunits were kept (97,338 particles). In step (5), the computationally cleaned 70S particles from step (3) (272,717 particles) were pooled together for 3D auto-refinement, to align the particles to a common reference volume of the 70S ribosome from step (2).
Then the aligned particles were classified into 12 classes using a 1.8˚ angular sampling interval. The classes were regrouped based on their resulting reconstructions: non-rotated 70S (NR) (83,877 particles), non-rotated 70S with 30S-head swivel (NRS) (87,169 particles), and rotated 70S (RT) (81,449 particles). In step (6), each class of 70S ribosomes or 50S subunits was refined using 3D auto-refinement with data in undecimated form. In step (7), the particles were tracked back to each experiment, to quantify the percentage of 70S and the proportion of 70S in each conformation.
The proportions of 70S in 50S-containing particles are: 45% (140 ms possible that the 70S formation reaction has a slow phase (for some or all the ribosomal subunits) that proceeds even after 15 min incubation at 37˚C, since the previous kinetic studies focused on only the first tens of seconds of the reaction (Antoun et al., 2004; Goerisch et al., 1976; Hennelly et al., 2005; Wishnia et al., 1975) . Nonetheless, we consider the Ctrl 15 min experiment the equilibrium state of the subunit association reaction, which has been characterized previously (Antoun et al., 2004; Hennelly et al., 2005) .
Technical limitations that may affect the accuracy of estimating the proportions. We note that the accuracy of estimating the proportions may be affected by two technical limitations. First, in the particle selection step, not all the 70S ribosomes and 50S subunits present in a micrograph will be selected by the particle-picking program, because particles that are too close to each other are excluded. Second, in the classification procedure, some otherwise acceptable particles may be incorrectly classified to a class mainly containing unacceptable particles (e.g., ice splotches or some other form of contamination) with an inferior average image (during 2D classification) or an inferior 3D reconstruction (during 3D classification) and consequently discarded before the final 3D reconstruction. Due to such limitations, the attrition rates of acceptable 70S ribosomes and 50S subunits may be different, affecting the calculation of proportions. Nonetheless, these systematic errors affect the population counts at the three time points equally, and they will not interfere with the observation of time dependence. Segmentation of the maps. We first performed amplitude-correction by using the EM-bfactor program (Fernández et al., 2008; Rosenthal and Henderson, 2003) and lowpass filtered the reconstruction of each class from step (4) of computational classification, yielding the "final" maps. We then segmented each final map in UCSF Chimera (Pettersen et al., 2004) with the aid of known crystallographic structures of 70S ribosomes (PDB ID: 2AVY, 2AW4, 2AW7, 2AWB) (Schuwirth et al., 2005) .
Estimation
K D = [30S] d [50S] d / [70S] d (4) [50S] d + [70S] d = c d0 (50S) (5) [30S] d + [70S] d = c d0 (30S)(
Measurement of 30S subunit rotation.
The difference in rotation of the 30S ribosomal subunit between two different 70S ribosomes was measured in UCSF Chimera using inertial axes (Pettersen et al., 2004) . We first fitted the two 70S maps on a common 50S subunit reference map, and then fitted a common crystallographic structure of 30S subunit into each 70S map. We then calculated inertial axes of all the phosphate atoms in the two fitted 30S structures, respectively, and measured the rotation angle between the two inertial axes.
Additional comparison between our results and the previous time-resolved cryo-EM study by Shaikh et al. (2014). The first difference between the results
presented here and those reported previously by Shaikh and coworkers is that those authors observed a number of 50S dimers and 50S·30S·30S heterotrimer complexes in their 9.4 ms reaction time data. Although inspection of our micrographs showed some instances of such complexes, we chose to concentrate on 50S and 70S particles only, by setting the parameter in the particle-picking program Autopicker (Langlois et al., 2014) to discard particles bigger than the 70S ribosome.
Second, the proportions of 70S ribosome observed by Shaikh and coworkers are higher than those expected from the kinetic simulation with a k a of 14 µM -1 s -1 (Shaikh et al., 2014) . Specifically, the observed proportions of 70S ribosomes in their experiments were 24.7% at 9.4 ms and 48.7% at 43 ms, compared with 11.6% and 37.5% expected from the kinetic simulation, respectively. In contrast, our observed proportions of 70S ribosome at 60ms and 140 ms are lower than those expected from the kinetic simulation with a k a of 13.9 µM -1 s -1 (see Results -Time course of the subunit association reaction). Some differences in the experimental conditions may contribute to this discrepancy, such as different activities of the ribosome sample, different ratios of 30S:50S subunits (they used 1:1, we used 2:1 ratio), and the absence or presence of the environmental chamber.
